The revelation of vast global quantities of potentially productive gas and oil-prone shales has led to advancements in understanding important geological properties which impact reservoir performance. Based upon research on a variety of shales, several geological properties have been recognized as being common and important to hydrocarbon production.
Introduction
Gas-and oil-bearing shales are organically-rich, finegrained sedimentary rocks capable of producing commercially important quantities of hydrocarbons upon artificial fracturing. These shales typically serve as the source, reservoir and seal of the hydrocarbons produced from them [1] . The recent revelation of vast global quantities of these potentially gas-and oil-productive shales has paved the way for rapid advancements in understanding their geological properties, some of which impact -and may even govern -reservoir performance. Because of shale's different, and sometimes unique physio-chemical, stratigraphic, and production properties compared with 'conventional' sandstones and carbonates, the adjective 'unconventional' has been amply applied to their characterization. Although some characteristics -such as pore networks and geomechanical properties -are indeed different, and new technologies are being developed to measure these differences, other characteristics -such as depositional processes/fabric and stratigraphic characteristics -are similar, and conventional methodologies can be applied to better understand shales in order to meet exploration and production goals. The current global shale play has been driven largely by technological advances, most notably 3D seismic, horizontal drilling, and artificial fracturing. This paper is a summary of important shale properties and both the advancing and traditional knowledge that has been gained as a direct result of shale's economic importance. It is based mainly upon research conducted in the University of Oklahoma's Institute of Reservoir Characterization on a variety of shales, including Barnett (Texas, USA, Caney (Oklahoma, USA), Eagle Ford (Texas, USA), Fayetteville (Arkansas, USA), Haynesville (Texas/Louisiana, USA), Horn River (British Colombia, Canada), LaLuna (Colombia), Longmaxei (China), Marcellus (Appalachian Basin, eastern USA), Monterey (California, USA), and Woodford (Oklahoma, USA) shales.
Shale Depositional Processes
Recent studies of sedimentary features of shales have refuted the long-held generalization that shales are the product of deposition in quiet water environments as 'hemipelagic rain.' Many shales exhibit mm/cm-scale cross-and parallel-laminations, scour surfaces, particle alignment parallel to bedding planes, and burrows [2] [3] [4] [5] [6] [7] (Figure 1 ). Some shales reveal a systematic finingupward or coarsening-upward, followed by fining-upward grain-size pattern [8] while others display a systematic stacking pattern of lithofacies that indicate tempo- Thin section photomicrograph of a graded, spiculite mudstone from lamination shown in A. C. Laminations within cored interval. Gray = massive mudstone; Orange = rhythmic silty claystone; Red = ripple/low angle laminated mudstone; Blue = graded mustone; Black = claystone; Green=spiculitic mudstone [7] . D. Basal micro-scour surface (yellow arrows) in mudstone. E. Scanned thin section photograph showing low-angle cross lamination (yellow arrows). Published with the permission of Society of Exploration Geophysicists, who's permission is required for further publication use.
ral changes in water depths, energy levels, and/or degree of bottom-water oxygenation [9, 10] . From these and other studies, a list of potential transport, deposition, and reworking processes include (in addition to hemipelagic rain): (1) hyperpycnal flows [5, 8, 11, 12] , (2) turbidity current flows, (3) tempestites (storm deposits) and wave-reworked deposits [6] ; and (4) contourites (bottomhugging slope, oceanic currents) [2] . In order for claysized particles to move along the sea floor by tractive processes, as evidenced by the sedimentary structures, they must behave in a hydraulically similar manner to coarser grains. In fine-grained sediments, this hydraulic equivalence is achieved through formation of 'floccules' or clumps of electrostatically-charged clay particles (Figure 2) [4, 13] . Laboratory-produced mud ripples formed from floccules [14] have provided a mechanism for transporting large volumes of mud to the ocean floor by hyperpycnal (originating from rivers) and/or turbidity current (originating in the marine environment) tractive flows, rather than by hemipelagic settling [6, 12] . Tempestites and contour currents are more apt to redistribute muds previously deposited in the marine environment by tractive processes rather than transporting them directly into a basin. Along with the concept of hemipelagic rain in quiet waters is the corollary that environments of deposition must be 'deep;' this is supported by the fact that many shales are enriched in organic matter, indicating an anoxic environment of deposition [15] . However, anoxic waters can occur at shallow water depths, and extensive mud deposition can occur in shallow-marine mud banks [16] .
Shale Composition and Fabric (Anisotropy)
The major mineral constituents of organic-rich shales are clay minerals, quartz (detrital), calcite, and dolomite (Figure 3) , although not all minerals may be present in any one shale. For example, the Haynesville and Eagle Ford Shales are enriched in calcite, whereas the Barnett and Woodford Shales are rich in clays and quartz. Less common sedimentary minerals include feldspar, apatite, pyrite, and hydrothermal minerals (sphalerite, barite, etc.), the latter of which occur in the Barnett and Horn River Shales. These minerals are mainly clay-size (<4 µm). Some shales, such as the Woodford, exhibit a fissility and others, like the Montney (British Colombia, Canada), are silty.
Organic constituents include (1) organic-walled spores (Tasmanites); (2) plant remains (in Mesozoic and younger shales); (3) biogenic quartz from sponge spicules, radiolarians, and within spores; (4) biogenic calcite from coccospheres, ammonites, mollusks, and fish, (5) thin-walled gastropods and brachiopods; and (6) arenaceous, as well as calcareous, foraminifera ( Figure 4 ).
Both inorganic and organic constituents affect well-log TM (Electron Capture Spectroscopy) log for a 35 ft (12 m) long cored interval of the Barnett Shale. Core description is from [9] . Static and dynamic FMI TM images are on the right side columns. Note the overall similarity in mineralogy from the core-and log-based analyses, and the finerscale stratification (beds and laminae) shown by the image log than by the core or mineralogy descriptions. Published with the permission of Society of Exploration Geophysicists, who's permission is required for further publication use. wall (black outline) in a clay lamination; diagenetic quartz occurs within the cyst in the curls of the S shape. Woodford Shale [7] . B. -C. Elongate and cross sectional view of quartz sponge spicules; interior of the spicule in C is filled with clay. Barnett Shale. D. -E. Cross sectional and elongate views of hollow coccospheres and spines. Eagle Ford Shale. F. Globigerina Orbulina (?) with some diagenetic calcite partially filling the interior of the foraminifera. Eagle Ford Shale. G. Arenaceous Foraminifera, Barnett Shale [9] . Scales are provided for each picture. Figure 4B , 4C: Published with the permission of American Association of Petroleum Geologists, who's permission is required for further publication use.
response. For example, shales enriched in organic matter and clay minerals exhibit a relatively high gamma-ray API log response, whereas those enriched in quartz and/or carbonates generally exhibit a relatively low response. Some shales though, like the Haynesville, have both high gamma ray and high carbonate contents.
Shale Porosity and Permeability
The storage and migration of hydrocarbon molecules through shales is complex, slow and not fully understood, owing to the small pore size and capillary properties. It is for this reason that almost all shales require artificial fracturing to obtain commercial flow rates. Peak flow rates in horizontal wells often occur within the first month or two, after which flow decreases rapidly and remains low, but consistent, for several years [17, 18] .
Obtaining accurate and reproducible shale matrixporosity and -permeability measurements by standard techniques is difficult and debateable. Recent studies utilizing Field Emission Scanning Electron Microscopy (FE-SEM) coupled with incremental, argon(Ar)-ion milling of shale surfaces has revealed significant 'organo-porosity' within kerogen ( Figure 5 ) [15, 19] This porosity is generated during the organic-maturation process that accompanies burial and hydrocarbon generation [1] . Organoporosity is by no means the only porosity within shales, nor is Ar-ion milling the only way to image pores in shales. [13] have identified the following pore types using FESEM and standard SEM techniques [4] porous floccules which appear similar to laboratory-induced floccules (Figures 2A -F) , (2) porous fecal pellets, with as much as 15% micro-porosity, (3) fossil fragments such as Tasminites spores ( Figure 4A ), sponge spicules whose original, hollow central chambers may be partially or completely preserved after burial ( Figures 1B, 4B, 4C ), coccospheres and their spines, who's chambers are also hollow and often open ( Figures 4D, 4E ), and foraminifera with open chambers ( Figure 4F ) (4) mineral grains such as pyrite framboids ( Figure 5B ); (5) microchannels within shale matrix which probably are either micro-burrows and/or bounding surfaces of scours or micro-sedimentary structures (Figures 1D, 1E) ; and (6) fractures which occur at micron and larger scales ( Figure 5D ) [13] . Some of these pore types -such as floccules which are common in many shales ( Figure 2 ) [4, 13] -are probably at least as important as organo-porosity in storing and providing migration pathways for hydrocarbon molecules. In-place and migrating oil droplets before and after hydrous pyrolysis treatment have been documented for the Woodford Shale, Horn River Shale, Eagle Ford Shale and Monterey Formation (Figure 6 ) [20] . • C for three to four days. Republished with permission of the Gulf Coast Association of Geological Societies (GCAGS), who's permission is required for further publication use A. Oil droplet emerging from pore in matrix after three days. B. Oil droplet in microfracture after four days. C. Oil droplets squeezing out of two places in a shale and into a diatom frustule after hydrous pyrolysis. Monterey Formation [20] . D. Coalesced oil droplets within diatom spines after hydrous pyrolysis, Monterey Formation. E. Oil within coccolith chamber after hydrous pyrolysis, Eagle Ford Shale. F. Oil droplet in shale matrix (not generated by hydrous pyrolysis) by white arrow, Horn River Shale. All surfaces were broken perpendicular to bedding. Figure 6A : Published with the permission of American Association of Petroleum Geologists, whose permission is required for further publication use.
Geochemistry
Conventional geochemical characterization of resource shales includes assessment of the rock's organic richness (i.e., total organic carbon -TOC), quality (e.g. visual kerogen analysis, hydrogen index -HI), and maturity (e.g., Tmax, vitrinite reflectance, etc.) to estimate quantity and type of generated hydrocarbons. From ROCK-EVAL analysis, prolific gas-shale systems are usually characterized by high organic richness (usually > 3% TOC) and HI values >350 mg HC/gm of rock. TOC values generally follow the same trend as gamma-ray log response, with higher TOC rocks exhibiting a higher API gamma-ray count. Of the various common visual kerogen types (Types I-IV), many of the shales contain Type II kerogen (oil prone) or Type II/III (oil/gas prone) kerogen. Organic maturity as measured by vitrinite reflectance (Ro) is usually 0.6-0.9% Ro for shale oil and >1.1% Ro for shale gas. Thickness of organic-rich strata is quite variable, but generally > 200 ft (65 m); thicker rocks have reduced expulsion efficiencies so that more hydrocarbons are retained during initial generation, thus preserving TOC for deeper and later burial maturation and generation.
Geochemical biomarkers are very useful indicators of oxic or anoxic bottom water conditions of mud depositional environments. Steranes can be used to differentiate marine from terrestrial organic source material. The presence of Gammacerene in sediments indicates elevated salinity [21] . Eukaryotic biomarkers within the extractable portion of shales are indicators of paleoenvironments. For example, the upper, relatively more quartz-rich part of a Woodford Shale core contains higher concentrations of eukaryotic biomarkers such as C 29 steranes than occurs in the lower, more clay-and organic-rich part of the core, implying oxygenated waters in the former and anoxic waters in the lower part ( Figure 7 ). As another example, [22] suggested that variations in the pristane/phytane ratio (Pr/Ph) and C 13 -C 20 regular isoprenoids measured in Barnett Shale core extracts are associated with changes in redox conditions as well as variations in terrigenous input during deposition. Molybdenum (Mo) content has also been considered a proxy for an anoxic environment [23] .
TOC and ROCK-EVAL analyses are also used for determining parameters such as: (1) amount of extractable organic material in the source rock, generally derived from kerogen breakdown (S1 peak on a gas chromatogram), and (2) residual kerogen (S2 peak). The S1+S2 peaks normalized to TOC content of analyzed samples provide the parameter named remaining hydrocarbon potential (RHP) by [24] . Within stratigraphic intervals that have a similar burial history and are not widely separated stratigraphically, changes in S1 and S2 reflect changes in the Figure 7 . Geochemical biomarker trends in the Woodford Shale from a behind-outcrop cored well in a quarry [47] . The trends are of different biomarker ratios (AIR = (C 13 -C 17 )/(C 18 -C 22 ) 2,3,6-trimethyl substituted aryl isoprenoids). The upper Woodford is relatively quartz-rich and biomarkers indicate an oxic environment of deposition. The middle Woodford is clay-and organic-rich and biomarkers indicate an anoxic environment of deposition [48] . Published with the permission of American Association of Petroleum Geologists, who's permission is required for further publication use.
amount of preserved organic matter. More of organic matter will be preserved in the sediment and the S2 peak will be larger under anoxic conditions than under oxic conditions, where less TOC is preserved and the S2 peak is smaller. Thus, the calculated RHP value [(S1 + S2/TOC)] will be greater for sediment deposited under anoxic conditions than for sediment deposited under oxic conditions. [24] interpreted an interval which becomes increasingly more organic-rich (increasing RHP) from its base to its top as representing deposition during marine transgression and an interval with a decrease in RHP from the base, upward, as representing deposition during marine regression. For the Barnett Shale, systematic sratigraphic fluctuations of intervals of low RHP (approximately 1.3-1.5) and high RHP (1.6-2.2) correspond with [9] 's relative sea-level curve, derived from independent interpretation of lithofacies stacking patterns (Figure 8 ). Those intervals with a relatively high RHP tend to be organic-rich (Figure 8 ). [25] has established a similar relationship for the Woodford Shale.
A relatively recent geochemical parameter -termed 'isotopic reversal' -offers the potential to detect the best producing areas in shale-gas plays [26] . In mature shales, it has been postulated that hydrocarbons generated during the first stages of oil and gas generation are relatively depleted in 13 C isotope compared to the original isotopic composition of the kerogen. The early-generated hydrocarbons that are retained in the source rock after expulsion are cracked to gas at later stages of maturity, contributing 12 C to the gas being generated, and giving rise to the isotopic reversal. This reversal has now been recognized in a number of shales, including Barnett, Fayetteville, Woodford, Haynesville, Marcellus and Horn River [27] . In the Barnett Shale, for example, the isotopic data correlate positively with gas production [28] .
Lithofacies Stacking and Sequence Stratigraphy
A variety of rock types and lithofacies are present in unconventional gas shales (Figures 1, 3, 8) . In many shales, they are vertically stacked in systematic patterns rather than randomly distributed stratigraphically [29] [30] [31] [32] [33] [34] . An upward decrease in API gamma-ray count from the base of an interval is the most common pattern on Barnett Shale gamma-ray logs; such a pattern is named a 'parasequence' [35] (Figure 9 ). In the Barnett, a typical parasequence consists of a basal organic-rich claystone, also rich in phosphatic fecal pellets and agglutinated foraminifera ( Figure 9A) , followed upward by a clay-rich interval containing more detrital quartz ( Figure 9B ), which is capped with an interval of broken calcareous fragments of macrofossils and well-rounded phosphatic peloids ( Figure 9C ). This stratigraphy is characteristic of deposition in an in- creasingly shallow, oxic marine environment. Once calibrated to core description and thin-section petrography, the stacking of parasequences is indicative of deposition under fluctuating relative sea-level conditions, giving rise to a cyclic sequence-stratigraphic framework which corresponds to the RHP curves ( Figure 8 ) and which can provide the basis for regional mapping subdivisions of shale strata (Figures 9D, 9E) . Even though tectonic, climatic, and related factors affect the ultimate character of basin fill, many of the common resource shales have a similar stratigraphy, suggesting a common origin. Examples from the Barnett, New Albany, and Woodford Shales are provided in Figure 10 , which is similar to the stratigraphy of the Marcellus, Eagle Ford, Fayetteville, Caney, Horn River, Montney, Haynesville, Longmaxei (China), and Lewis Shales [29] . This has led to formulation of a general sequence-stratigraphic model for unconventional resource shales (Figure 11 ). Typically, the shale sequence overlies a regional unconformity (SB) (and/or transgressive surface of erosion; TSE) and consists of a basal organic-and clay-rich, high API gamma-ray interval, followed upward by a general trend of lower-API strata. The lower-API strata comprise a series of either higher frequency sequences or parasequences, often with a thinner, basal high-API gamma-ray shale ( Figure 9 ). Although the scarcity of high-frequency, age-datable fossils in Paleozoic shales precludes establishing an absolute age-datable, high-resolution chronostratigraphic framework, cyclicity at two scales has been documented for the Barnett Shale (Figure 8 ), composite 2 nd -and 3 rd -order cyclicity has been documented for the Jurassic Haynesville and Cretaceous Eagle Ford Shales, and composite 3 rd and 4 th order cyclicity has been documented for the Cretaceous Lewis Shale (summarized in [29] ). The similarity in dual stratigraphic cyclicity between non-datable Paleozoic shales and age-datable Mesozoic shales suggests that they all share a recognizeable, common, and predictable composite, eustatic, depositional cyclicity.
Geomechanics and BrittleDuctile Couplets
The common geological characteristics of shales influence their geomechanical properties and thus well drilling and completions. Of particular interest and importance is the ability to predict the relative brittleness or ductility of rock within a stratified shale sequence. The two common measures of rock strength and deformation are Young's Figure 11 . Generalized sequence stratigraphic model for unconventional resource shales showing transgressive systems tract (TST) overlying and onlapping onto a combined falling stage sequence boundary (SB)/early rising stage transgressive surface of erosion (TSE) (sometimes named ravinement surface). The upper part of the TST is the condensed section (CS) which is capped by the maximum flooding surface (mfs). Highstand/Regressive sytems tract (HST/RST) downlap onto the mfs. This sequence is applicable at different scales of eustatic sea level cyclicity. A type gamma-ray log response is shown in inset A; note that it is likely that the thickness between the mfs and SB/TSE would increase in a seaward direction. Inset B shows the various positions of the components of the model in relation to their timing of formation during a relative sea level cycle. (Figure 12 ). Young's modulus is a measure of the amount of strain or deformation of a rock by an applied stress or force ( Figures 12B, 12C ). Poisson's Ratio is a measure of the change in shape (degree of deformation) of a rock to an applied stress or force ( Figures 12B, 12C) . A brittle rock is one that deforms elastically as stress is applied, then breaks (ruptures) without being plastically deformed ( Figure 12A) . A ductile rock is one that undergoes plastic deformation before breakage (rupture) at a given stress ( Figure 12A ). Another popular measure of a rock's breakage characteristics is the 'brittleness index,' which is a parameter based upon mineralogy and TOC content ( Figure 13 ) [1, 36] . The assumption behind the brittleness index is that quartz-(and sometimes dolomite-and/or calcite-) rich rocks will be more brittle than clay-and organic-rich rocks. However, quartz comes in many forms (e.g., biogenic, detrital, diagenetic) which are not differentiated by standard mineralogic techniques (i.e., XRD or FTIR), but which have different effects on a rock's ability to break. Geomechanical and mineralogical properties are related ( Figure 13 ). Rocks with a relatively large numerical value of Poisson's ratio and small Young's modulus tend to have a low brittleness index and are thus ductile. Rocks with a small Poisson's ratio and a large Young's modulus tend to have a higher brittleness index and are thus relatively brittle. [36] . Published with the permission of Houston Geological Society, who's permission is required for further publication use.
Modulus and Poisson's Ratio
Recent stratigraphic-geomechanical studies indicate fabric (degree of lamination or anisotropy) also plays a significant role in rock strength and its ability to break [37, 38] . Shales are often finely bedded or laminated at a scale that is only easily observeable with a borehole-image log ( Figure 3) . Laboratory tensile strength measurements indicate that core-plug-sized samples of laminated shale break more easily when stress is applied parallel to the orientation of the laminae and with more difficulty when stress is applied perpendicular to that orientation (Figures 14A, 14B) . The same principle is applicable at the larger scale; for example, a greater number of microseismic events occur within a stratigraphic interval comprised of thin beds than occur within an interval comprised of thicker beds ( Figure 14C ). The implication of this finding is that rocks will break differently depending upon whether a well is drilled perpendicular or parallel to the orientation of laminae or beds (i.e., horizontal vs. structurally dipping beds). Irrespective of the degree of lamination, brittle rocks tend to break cleanly under an applied stress while ductile rocks significantly deform prior to breaking under applied stress (Figure 12) . A common feature of interbedded strata seen in many outcrops (not just shales) is that tectonically-produced vertical fractures extend through brittle rocks, but not through interbedded ductile shales ( Figure 14D ). Applying these observations to a subsurface well allows speculation that the initial energy associated , and three scales of brittle-ductile couplets(modified from [38] . Porosity values of different lithofacies are shown in the inset. Published with the permission of Society of Exploration Geophysicists, who's permission is required for further publication use. with artificial fracturing may send fractures through an entire interbedded rock sequence so that proppant flows into all the interbeds, but when the fracture energy dissipates, the ductile rocks may deform and close around the proppant, resulting in vertically discontinuous fractures [39] . Combining sequence stratigraphy with geomechanical properties allows interpretation of ductile-brittle couplets at at least three stratigraphic scales ( Figure 15 ) [38] . The "Sequence Scale" comprises the entire stratigraphic interval, with the ductile component being the basal, transgressive, organic-rich shale (i.e. 'condensed section') and the relatively brittle component being the overlying highstand/regressive systems tract (Figures 11, 15) . The 'Parasequence Scale" comprises either higher-order sequences or parasequences within the Sequence Scale systems tracts. The "Bedset Scale" comprises interbeds of ductile and brittle rocks within the parasequences. A fourth scale of minerals such as clays, calcite or quartz comprising a lamination ( Figure 5D ) is also possible.
Seismic Reflection
Conventional seismic-reflection methodologies are capable of detecting Sequence-Scale and sometimes Parasequence-Scale ductile-brittle couplets when they are of sufficient thickness and of sufficient variability in acoustic properties to be resolved ( Figure 16 ) [40] . However, it is generally not possible with conventional seismic reflection to detect lithologic variability within a particular parasequence nor of thin interbeds of strata at the bedset scale. However, more sophisticated seismic-reflection processing and manipulation, such as seismic inversion and seismic-attribute analysis [41] are routinely being used to improve imaging and interpretation of various shalestrata properties. Nevertheless, the geological knowledge that strata at the Parasequence Scale are composed of a specific ductile-brittle stacking pattern provides an indirect indicator for detecting these couplets from seismicreflection records. This seismic indicator can be used to guide horizontal wells into strata optimal for artificial fracturing and production.
Economic and societal considerations of gas-and oil-bearing shales

History of shale reservoir development
Consideration of shale as a reservoir for direct production has led to a new paradigm in global energy resource development. This paradigm shift blossomed with the onset of unconventional gas production from the Barnett Shale of North Texas, U.S.A. Although the Barnett has produced gas from vertical wells for more than 30 years, it was Mitchell Energy that first attempted horizontal drilling in the Barnett, and though not initially very successful, the technology evolved rapidly and led to dramatic increases in production. The acquisition of Mitchell Energy by Devon Energy led to expansion of technologies such as horizontal drilling, so that by 2010, 95% of Barnett wells were horizontal. Over its history, more than 14,000 wells have been drilled in the Barnett. It is often considered the 'standard' for gas shale development and for understanding the geologic and technical aspects of gas (and liquids-rich) shales. However, as has been noted above, not all shales have the same properties nor production behavior as the Barnett Shale, so Barnett should not be considered a 'global analog'.
Success of the Barnett Shale play led to a rush of exploration and development over the last few years in the U.S. and globally, and gas shale is now considered the 'gamechanger' for North America's energy future. The discovered and potentially recoverable natural gas in North America is now considered to represent 100 years of consumption at current rates according to many authorities. According to one such authority, Daniel Yergin, "This is simply the most significant energy innovation so far this century. As recently as 2007 it was widely thought that natural gas was in tight supply in the U.S., and the U.S. was going to become a growing importer of gas. But this outlook has been turned on its head by the shale gale."
2011 shale plays and economics
At present, about 60 potentially economic gas shale plays have been identified in North America. Although statistics on reserve potential vary among energy economists, unconventional shale gas reservoirs in the U.S. are estimated to exceed 500 Tcf with another 200 Tcf in Canada [42] . For example, the Marcellus Shale natural gas potential is 250 Tcf and the Haynesville shale is 240 Tcf compared with the Barnett's 40 Tcf. In 2010, U.S. natural gas production from shale plays was 2.75 Tcf/year and is expected to reach 6 Tcf by 2035. Gas shale exploration is now global, including China, Poland, Romania, Germany, Austria, Australia, Colombia and Argentina. For example, according to [43], Europe's total unconventional gas-inplace could be 173 Tcm (6,115 Tcf).
The greater attention being paid by oil and gas companies and government agencies to gas and liquid-rich shale has fostered an expansion of mergers, joint ventures, and acquisitions. For example oil and gas transactions reached $39 billion during the second quarter of 2011 [44] . The average deal value increased to $765 million for deals valued at more than $50 million during the 2 nd quarter compared with an average of $672 million for the 2 nd quarter 2010. During the 2 nd quarter of 2011 upstream transactions led merger and acquisition activity with 7 of the top 10 deals by value being associated with shale plays; four of those seven involved upstream assets. These 10 deals totaled $7.5 billion, including 2 deals involving the Marcellus shale, totaling $2.3 billion. Even with reduced gas prices, there is strong competition amongst the larger companies for long-term assets of gas and liquid-rich shales. Smaller companies are becoming more aggressive as well, joint-venturing with larger international companies
A success story
There are many recently announced success stories, one of which is described here for an oil and gas play in the Woodford Shale, which is an important gas and oil shale in Oklahoma, U.S.A. A 2005 study estimated oil-in-place at 130 BB and gas in place at 600 BCF. A leading company in the play, which has been actively exploring and developing the play for a number of years, recently reported an extension from their active horizontal play by offsetting a well that has been flowing 4. 
Risks and uncertainties in shale exploration and development
Like any other investment venture, there are also risks and uncertainties associated with gas-and oil-rich shales. Richard Nehring, a well-known energy economist, has raised some caution concerning economic evaluations of shale plays [45] . Of particular note is the lack of long term production rates for shales other than the Barnett and perhaps the Woodford. [17] provides a good example of this for the Woodford Shale; below $6/MCF gas (Henry Hub Spot price), most Woodford wells are non-economic. Not all shales are the same, so production rates for the Barnett that are used for comparison with other shale plays, provide a high degree of uncertainty. Most of the other shale plays have only 2-4 years of production history, and all that can be ascertained is that the peak flow rate comes quickly after production begins. Nehring also notes that there are wide ranges in estimated EUR, which sometimes are ignored by companies using mean values and conventional parameters for calculating gas-and oil-in -place.
Environmental concerns have been growing proportional to shale gas production, particularly in heavily populated areas of the U.S.. Hydraulic fracturing requires a large volume of surface or well water, the use of chemicals of poorly advertised composition, produces flowback water, and according to some, may effect ground water supplies. Also, because hydraulic fracturing requires a large surface area to hold all of the equipment, a negative 'footprint' left on the ground surface which in addition to being unsitely, can affect indigenous fauna and flora populations. This impediment has taken the forefront particularly with the shale activity in the heavily populated northeast US and has led two states and one Canadian province to place a moratorium on hydraulic fracturing, with many more states and the federal government crafting and debating new regulations. To diminish the regulatory environment, some of the measures being tested by companies include using subsurface aquifers as a water source and other porous subsurface formations for storage of flowback water, treating and recycling flowback water that reaches the ground surface, and reducing the chemicals required in the fracing process. Most knowledgeable individuals in the oil and gas industry would acknowledge the fact that gas wells are generally drilled and produced well beneath the shallow subsurface where potable water supplies occur, but this fact has not prevented considerable debate on the possible toxicity to drinking water supplies in areas of fracing. In this regard, better and continual education of government and the general public by the oil and gas industry is a necessity, which is just now being realized by the industry.
Another impdediment to gas shales is that because of the artificial fracturing technique, peak gas production occurs within the first half year of production. However, this is typically offset by a long term low, but consistent flow rate. Also, companies now routinely "re-frac" a well after the first fracture job.
A significant technical and economic risk is calculation of gas-(or oil-) in place. Standard techniques used in conventional reservoirs are not appropriate for the finegrained, ductile shales. Pore spaces are very small (often in the nanometer size range) and not connected except perhaps at the nano-scale. Laboratory measurements of porosity and permeability by commercial entities have come under fire recently for providing mixed results, and has led to the "we must agree to disagree" philosophy and to some companies building their own internal analytical facilities. The complexity of pore networks in shales has only recently been divulged as being complex and difficult to accurately measure [13, 19] . Also, there is not current agreement on where free and adsorbed gas and oil molecules reside within a shale's pore network. Without an understanding of these factors and without reliable data, it is not possible to accurately and reproducibly determine an in-place hydrocarbon estimate for management and development planning.
Perhaps the largest impediment to continued, stable growth of gas shale development is the commercial price of natural gas. When prices were high in the early 2000's, there was considerable exploration and development, resulting in part to an oversupply of gas, which led to a reduction in price, and then associated reduction in exploration and development. The current low gas prices, coupled with a rise in oil prices, in turn led to companies heavily invested in shale gas exploration to divert to exploration for liquids-rich shale, with some early successes. There are several oil-rich shales that are amenable to production, such as the Monterey Shale in California, which has been producing oil for more than 100 years. The Monterey is considered to be the source for 37BBO in California's conventional hydrocarbon accumulations of the state's estimated total resource of 500BBO [45] .
Concluding Remarks
New results of shale studies are being released through publication and presentation at a very fast pace as a result of the recognition and popularization of their vast potential as a source of clean energy. Although there are real and perceived environmental, political, technical and social risks associated with exploration and development of shale resources, it is likely that they will become an important, long-term part of the global energy mix. The generalities outlined in this paper will undoubtedly be refined as research and applications continue into the future. Of particular importance is the need to integrate various technical disciplines and expertise in order to maximize the knowledge base to enhance resource development. The sooner this is accomplished, the smaller will be the cycle time from exploration to discovery to long-term exploitation of globally plentiful resource shales.
